A ternary complex composed of RNA polymerase (RNAP), DNA template, and RNA transcript is the central intermediate in the transcription cycle responsible for the elongation of the RNA chain. Although the basic biochemistry of RNAP functioning is well understood, little is known about the underlying structural determinants. The absence of highresolution structural data has hampered our understanding of RNAP mechanism. However, recent work suggests a structure-function model of the ternary elongation complex, if not at a de®ned structural level, then at least as a conceptual view, such that key components of RNAP are de®ned operationally on the basis of compelling biochemical, protein chemical, and genetic data. The model has important implications for mechanisms of transcription elongation and also for initiation and termination.
Introduction
Cellular DNA-dependent RNA polymerases (RNAP) are multi-subunit and multi-functional enzymes responsible for promoter binding, DNA melting, RNA chain initiation, processive elongation, and termination. Each of these diverse enzymatic activities are a target for modulation of gene expression. The principal structural determinants of RNAP basic activity are highly conserved in evolution, as is evident from signi®cant sequence homology of the two largest subunits throughout all three kingdoms of life (Sweetser et al., 1987; Puhler et al., 1989) . Moreover, the evolutionary conservation of the general architecture of core RNAP molecule has been con®rmed by lowresolution structural analysis (Polyakov et al., 1995) . To date, much of the current understanding about RNAP stems from in vitro work performed on the prototypical RNAP from Escherichia coli. In the minimal in vitro system (RNAP, a linear DNA template with a promoter and an intrinsic terminator, and four ribonucleotides), E. coli core RNAP (subunit composition: a 2 bb H ) is able to elongate and terminate a primed transcript to produce physiologically relevant RNA products.
A minimal in vitro system developed to study physical parameters of individual ternary elongation complexes appeared to be the most direct way for collecting experimental data in attempts to unravel the mechanisms of transcription elongation (Krummel & Chamberlin, 1992) . Technical re®nements of this system can readily account for the recent progress in our understanding of the basic mechanism of the elongation process. Taking advantage of a fully functional hexahistidine-tagged E. coli RNAP immobilized on Ni-chelate agarose beads one can obtain highly homogeneous de®ned complexes by``walking'' the enzyme in controlled steps along the template (Kashlev et al., 1993a) . Utilization of many biochemical and protein chemical tools available today in this solid-phase transcription system provides an opportunity to study elongation complexes stalled at almost any desired position along the DNA (Nudler et al., 1994; Wang et al., 1995) . This review will summarize recent experimental results obtained with these systems, and together with other biochemical and genetic data, will attempt to apply them to a structure-function model of the elongation complex.
Functional topology of the elongation complex and the nature of its stability stable structures and are usually resistant to dissociation and denaturation under a variety of conditions (Levin et al., 1987; Arndt & Chamberlin, 1990) . Curiously, when in the elongation complex, RNAP behaves as an enzyme with no af®nity for a particular DNA site and slides along the template with a speed of 60-80 nt/s (Gotta et al., 1991; Vogel & Jensen, 1994) . The combination of these two apparently contradictory features in one protein is somewhat of a paradox. Yet, it is consistent with the high degree of processivity of RNAP, i.e. an ability to transcribe long stretches of DNA without premature dissociation.
To explain protein-DNA interactions in the elongation complex that are both tight and¯exible, the concept of the sliding clamp had been proposed (Darst et al., 1991; Polyakov et al., 1995; Nudler et al., 1996) by analogy with the DNA replication apparatus (Kurijan & O'Donnell, 1994) . However, in contrast to DNA polymerases, RNAP has an additional mechanistic problem to deal with in that it must hold the RNA product separated from the DNA template strand.
Three contiguous sites in the elongation complex that hold the nucleic acid residues have been recently characterized functionally and structurally: the double-stranded DNA binding site, the RNA-DNA heteroduplex binding site, and the single-stranded RNA binding site (Figure 1 ). The DNA binding site was de®ned as the region of strong non-ionic interaction between RNAP and the DNA template. It has been mapped to about nine base pairs of DNA duplex just ahead of the point where the DNA forks out into the transcription bubble (Nudler et al., 1996) . Any interruption in the integrity of the DNA duplex in this region renders the complex salt sensitive. The hybrid binding site was originally characterized as a region of relatively weak ionic interactions between the protein and approximately six nucleotides of the DNA template strand in the transcription bubble just upstream of the catalytic site (Nudler et al., 1996) . In the absence of contacts in the DNA binding site, these interactions were suf®-cient to hold DNA and RNA in the complex under very low salt conditions. Chemical footprinting and RNA-DNA chemical cross-linking demonstrate that the template DNA strand in the bubble forms an about eight base-pair hybrid with a 3 H portion of the nascent RNA (Hanna & Meares, 1983; Lee & Landick, 1992; Zaychikov et al., 1995; Nudler et al., 1997) . Thus ionic interactions in the hybrid binding site must actually be formed between the ®rst six base-pairs of RNA-DNA hybrid and the protein.
The RNA binding site was ®rst proposed over two decades ago based on partial protection of RNA in the elongation complex (Kumar & Krakow, 1975) . Since that time, two alternative views on the mechanism of RNA product binding in the complex have been discussed. The classical view proposed that a $12 bp hybrid was essential for holding the RNA in the complex (Gamper & Hearst, 1982; Yager & von Hippel, 1987 , while the revisionist view stated that two separate protein sites were responsible for binding the transcript and thus absolving the need for an extended hybrid (Rice et al., 1991; Altman et al., 1994; Chamberlin, 1995) . Recent experimental evidence suggests that the RNA-DNA hybrid by itself is unlikely to account entirely for the stability of the elongation complex. Speci®cally, the complex with a hybrid as short as six base-pairs could still be very stable under various conditions (Nudler et al., 1996) . The crucial salt-resistant interactions in the complex occur downstream of the RNA growing point where no DNA-RNA hybrid exists (Nudler et al., 1996) . In the absence of contacts in the DNA binding site, the elongation complex is highly unstable even if a G C-rich sequence occupies the hybrid region (Nudler et al., 1996) . These results are consistent with the notion of a separate RNA binding site in RNAP. Additionally, an eight base-pair RNA-DNA heteroduplex that is free of the protein is not a stable structure under physiological conditions, suggesting that RNA-DNA base-paring is supported by the protein in RNAP.
Photoreactivated RNA probes have been used in a series of isolated complexes to detect protein-RNA contacts along the trajectory of RNA in RNAP (Hanna & Mearse, 1983; Markovtsov et al., 1996; Nudler et al., 1998) . Judging by the relative extent of cross-linking in these experiments, tight RNA contacts with RNAP occurred in two regions: near the active site (position À1 relative to the 3 H terminus) and within the nine nucleotide segment from À8 to À17. Thus, the RNA binding site is most likely located just next to the hybrid binding site within the À8 to À17 region. This result is consistent with RNase protection data (Rice et al., 1991; Gu et al., 1996; Komissarova & Kashlev, 1997a) and the observation that the 5 H terminus of the transcript becomes accessible for polynucleotide kinase only after it reaches a length of 18 nt (E.N., unpublished result). The observation that Mooney et al., 1998; von Hippel, 1998; Nudler et al., 1996 Nudler et al., , 1998 . The circle symbolizes the catalytic center with the 3 H terminus of the transcript. RNA polymerase protects $30 bp of DNA; $12 bp of DNA are melted to form a transcription bubble and about eight nucleotides of the RNA are annealed to the DNA template strand in the bubble (Nudler et al., 1997) . Positive and negative numbers indicate distance from the 3 H terminus of RNA.
RNA secondary structure (hairpins) seven to nine nucleotides away from the 3 H terminus destabilizes the elongation complex (Arndt & Chamberlin, 1990; Wilson & von Hippel, 1995; Nudler et al., 1995) indicates that this is an area encompassing crucial protein-RNA interactions.
Usually the elongation complex becomes stable at high salt concentrations when the RNA reaches a length of 9± 11 nt (Krummel & Chamberlin, 1989 and references therein). By inducing the reaction of pirophosphorolysis (Rozovskaya et al., 1982) in the complex stalled at position 20, Korzeva et al. (1999) have demonstrated that the shortest RNA that still retains in RNAP in a salt-resistant manner is nine nucleotids long. In this work the authors have shown that the complex with non-complementary ribonucleotides at position À8 and À9 (counting from the À1 position of the RNA 3 H terminus) was almost as stable as the one containing fully complementary RNA. Moreover, the presence of singlestranded RNA at position À8 and À9 stabilized the complex more then 30-fold as compared to the one containing fully complementary RNA of seven nucleotides. Together with the cross-linking results, these observations indicate that the crucial contacts triggering stabilization of the elongation complex are formed between RNA and protein around the point where the transcript becomes separated from the hybrid. These observations are in apparent conict with the results by Sidorenkov et al. (1998) who did not observed any stabilizing effect of non-paired RNA at À8, À9 positions in reconstituted ternary complex, and attributed the complex stability entirely to the stability of the hybrid.
RNA-RNAP contacts have been shown to occur far upstream of the RNA binding site, with a, b, and b H subunits (Liu & Hanna, 1995; Nudler et al., 1998) . Although these contacts might play an important role in modulating termination and pausing (Goliger et al., 1989; Liu et al., 1996) , they apparently do not contribute to overall complex stability (Korzeva et al., 1999; ).
An RNA segment that spans at least four nucleotides from À3 to À6 is relatively weakly crosslinked to the protein (Nudler et al., 1998) . This absence of strong RNA cross-linking in the hybrid binding site could be explained either by the absence of close RNA-protein contacts or by the nature of cross-linkable probes which carrying the reactive groups attached to the base ring of the nucleotide. Since interactions in the hybrid binding site are salt sensitive they could involve the sugarphosphate backbone of the hybrid rather than nucleotide bases.
Structural organization of the elongation complex
To determine which subunit, or parts of subunits, are involved in the formation of each nucleic acid binding site and the catalytic center, systematic structural mapping of the core RNAP components in a series of stalled elongation complexes was achieved using photocross-linking to highly speci®c probes (i.e. derivatized DNA template and RNA transcript). Limited (single-hit) chemical degradation of isolated subunits (Grachev et al., 1989 ) radiolabelled with a cross-linked RNA or DNA probe has allowed localization of adducts on the polypeptide sequence between adjacent methionine or cysteine residues Nudler et al., 1998) . Results of these experiments are summarized in Figure 2 . The 3 H terminus of RNA has been shown to contact four different regions of b H and b subunits in the catalytic center of the elongation complex:
, and b (Met1091-Met1107). Regions of b H and b subunits involved in the RNA binding site were as follows:
, and b (Met1232-Met1273). These regions are listed in order of their predominance in making contacts with RNA. Additionally, regions in b H (Met1-Met29) and b (Met1290-Met1319) were detected close to the position where RNA exits the RNA binding site (Nudler et al., 1998) . Mapping contacts with the DNA template strand in the DNA binding site localized the following regions:
, and b (Met130-Met239). The relative proximity of these regions to the DNA was about the same as judged by the ef®-ciency of cross-linking (Nudler et al., 1998) . DNA contacts in the hybrid binding site were limited to the b-subunit (Met1232-Met1273).
The principal conclusion from these results was that DNA contacts in the DNA binding site involve both the NH 2 terminus of b H (Met29-Cys58) and the COOH-terminal part of b (Met1232-Met1273), i.e. the same regions as the RNA contacts in the RNA binding site (Figure 2 ). The same C-terminal region of b was also close to the hybrid in the hybrid binding site. A topological linkage is thus established between the four structural elements of the elongation complex. These include the about nine base-pairs of DNA ahead of the bubble, the ca eight nucleotide RNA segment upstream of the RNA-DNA hybrid, the NH 2 terminus of b H and the COOH terminus of b. The proximity of the last two elements revealed by cross-linking is in accordance with a fully functional RNAP in which the COOH terminus of b and the NH 2 terminus of b H are genetically fused (Severinov et al., 1997) . Based on these results, a structural model of an integrated nucleic acid binding sites or``double sliding clamp'' has been proposed (Nudler et al., 1998) . In this model the four elements are integrated into a single unit which resolves the conicting requirements of strong binding combined with smooth sliding (Figure 2(c) ). DNA entry and RNA exit occur on one face of this unit, while the other side is linked to the active center and adjacent DNA-RNA hybrid. The possible antiparallel trajectory of outgoing RNA with the incoming DNA in this model is consistent with an incomplete helix turn resulting from the about eight base-pair hybrid (Nudler et al., 1997) and DNA bending (Rees et al., 1993) .
The double clamp model makes it easy to predict that the presence of single-stranded RNA in the RNA binding site could seal the DNA in the DNA binding site and vice versa. This can explain why salt-resistant interactions in the DNA binding site are essential for stable holding of the RNA in the polymerase (Nudler et al., 1996) and why formation of the RNA hairpin in the RNA binding site would not only destabilize RNA-RNAP contacts but also trigger release of the DNA from the complex (Arndt & Chamberlin, 1989) . Further implications of this model relating to mechanisms of elongation complex stabilization and destabilization are discussed below.
Mechanism of RNA polymerase movement and transcription fidelity
An important aspect of RNAP movement is the relationship of the primary biochemical reaction of a single-step RNA extension in the active site with translocation of the RNAP mainframe along the DNA template. The former obviously drives the latter, yet over the past six years two con¯icting views on the mechanism of this coupling have been hotly debated.
In the classical model, RNAP moves monotonically, i.e. translocation by one nucleotide along the template always accompanies each single step of nucleotide addition (Gamper & Hearst, 1982;  reviewed by Yager & von Hippel, 1987; Heumann et al., 1997) . In the revisionist model, advancement of RNAP along the template is not synchronous with RNA chain extension. Instead, the revisionist model theorized that movement occurs in a twostroke cycle: ®rst a short stretch of RNA is synthesized in a static enzyme, and then the mainframe translocates by several nucleotides in a kind of a jump, while DNA and RNA are threaded through the protein (reviewed by Chamberlin, 1995; Heumann et al., 1997) .
The latter model, known as the inchworming mechanism, was originally based on three obser- H subunits of RNAP with evolutionary conserved regions shaded in gray and designated by capital letters (Sweetser et al., 1987; Puhler et al., 1989) . Arrows indicate protein-RNA contacts along the trajectory of RNA through RNAP (Markovtsev et al., 1996; Nudler et al., 1998) . The nonionic nature of interactions in the DNA binding site (DBS) and the RNA binding site (RBS) is represented by yellow, and ionic interactions in the hybrid binding site (HBS) are shown in pink. The circle represents the catalytic center. (b) Summary of DNA template strand-protein contacts in the complex (Nudler et al., 1996 (Nudler et al., , 1998 . The same protein regions involved in contacts with both RNA and DNA are colored. (c) Hypothetical organization of double sliding clamp.
vations that could not be explained in terms of the classical model: (i) irregularity of DNA footprints of elongation complexes halted at successive sites on DNA (Krummel & Chamberlin, 1992) ; (ii) formation of transcription arrest (Arndt & Chamberlin, 1989; Kerpolla & Kane, 1991; Izban & Luse, 1993) ; and (iii) internal RNA cleavage and loss of 3 H -proximal RNA fragments of varying length from de®ned complexes (Surratt et al., 1991; Gu et al., 1993; Borukhov et al., 1993) . The inchworming model postulates two pairs of DNA and RNA binding sites working in a two-stroke fashion. It assumes a signi®cant internal¯exibility of RNAP, so that the active center moves back-and-forth relative to certain protein domains during the putative extension-translocation cycle. The complex inchworming model became attractive because it supposedly reconciled tight RNA and DNA binding with fast polymerase movement.
The development of the solid-phase transcription system allowed one to perform systematic analysis of large numbers of successive homogeneous complexes stalled along relatively long stretches of DNA (Nudler et al., 1994) . It was observed that the advancing RNAP maintained the same conformation throughout extended segments of the transcribed regions, while the inchworm-like movement occurred only when it traversed certain DNA sites. These results had three important implications. First, they disproved the original hypothesis that inchworming is intrinsic to elongation and that it constituted the very mechanism of RNAP movement. Second, the incidental inchworming event was under direct sequence control. Third, they demonstrated that the inchworming con®guration of the elongation complex could be detected by three independent parameters: decreased distance between the 3 H end of the RNA and the RNAP front edge; increased sensitivity to internal GreB-mediated transcript cleavage; and an arrest-prone state of the complex.
Inchworming sites appear to be encoded by intrinsic terminator sequences (Nudler et al., 1995) and certain sequences which are responsible for strong elongation pausing (Wang et al., 1995) . Thus it has been proposed that the putative conformational changes associated with the inchworming cycle could actually be steps inherent in the mechanisms of termination or pausing.
Recent experiments have provided convincing evidence that the apparent contraction/expansion of RNAP at inchworming sites was a misinterpretation. The inconsistencies in the site-speci®c inchworming model were noted when short antisense oligonucleotides hybridized upstream of RNAP suppressed arrest formation, and restored the regularity of footprints at the apparent inchworming sites (Reeder & Hawley, 1996; Komissarova & Kashlev, 1997a,b) . It has been suggested that what was perceived as contraction and expansion of RNAP may in fact re¯ect lateral oscillation of the stalled complex, i.e. transient, reversible backtracking of RNAP (Reeder & Hawley, 1996; Guajardo & Sousa, 1997; Komissarova & Kashlev, 1997a,b; Nudler et al., 1997; see Figure 3) .
The establishment of a relationship between the stability of the RNA-DNA hybrid and irregularities of DNA and RNA footprints of the complex further provided strong evidence in support of reversible backtracking (Nudler et al., 1997) : (i) strengthening of the hybrid (e.g. with bromouracil) Figure 3 . Backtracking of RNAP during elongation. (a) Model for transient pausing and arrest formation (Komissarova & Kashlev, 1997b; Nudler et al., 1997) . Reversible backtracking for a few nucleotides and temporal loss of the 3 H terminus by the catalytic center can be responsible for numerous pauses during elongation. Backtracking for a longer distance can lead to the irreversible arrest of elongation. (b) Proofreading mechanism in transcription. Destabilization of RNA-DNA hybrid by a mismatched nucleotide (symbolized by a small circle) leads to the RNAP backtracking (Nudler et al., 1997) . As a result, the brie¯y paused elongation complex becomes a substrate for internal RNA cleavage that removes the 3 H portion of the transcript which contains the mismatch and generates a new 3 H end in the catalytic center to resume elongation (Erie et al., 1993; Nudler et al., 1997; Thomas et al., 1998) .
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restored monotonic footprints, suppressed arrest formation, and rendered the complex insensitive to GreB-mediated transcript cleavage; (ii) weakening of the hybrid (e.g. with inosine) induced irregular footprints, facilitated arrest formation, and rendered the complex susceptible to GreB cleavage; (iii) irregular footprints coincided with shifting of the hybrid upstream as shown by RNA-DNA cross-linking.
Direct demonstration that the reversible backtracking of the RNAP's mainframe was accompanied by correlated sliding of the active center along RNA and DNA became possible by taking advantage of the Fe 2 -mediated transcript cleavage reaction. Fe 2 substitution for Mg 2 in the catalytic site has been shown to generate free hydroxyl radicals that cause highly localized cleavage of DNA and protein in the binary promoter complexes (Zaychikov et al., 1996) . In the elongation complex, repositioning of the catalytic site could be directly monitored by an upstream shift of Fe 2 -induced localized cleavage of RNA (Nudler et al., 1997) . Fe 2 and GreB-induced cleavage of RNA appear to occur at the same sites, supporting the notion that the cleavage reaction is an intrinsic function of the RNAP's catalytic site (Rudd et al., 1994; Orlova et al.,1995) . Similar to GreB-mediated cleavage, Fe 2 -mediated RNA cleavage required weakening of the RNA-DNA hybrid, unwinding of the 3 H -proximal RNA-DNA hybrid, and its subsequent shifting upstream together with the body of the enzyme (Nudler et al., 1997) . These observations revealed a crucial role of the RNA-DNA hybrid in keeping RNAP in register with the transcribed template, i.e. in keeping the catalytic center engaged with the 3 H terminus of RNA. Stability of the hybrid is not the only parameter which regulates backtracking. DNA sequences behind and ahead of the heteroduplex area as well as the RNA secondary structures were reported to affect backtracking and arrest formation (Krummel & Chamberlin 1992; Nudler et al., 1994; Feng et al., 1994) . Since backtracking involves associated rewinding of the hybrid upstream, unwindingrewinding of DNA duplexes ahead and behind of a transcription bubble, and threading of the single stranded RNA through RNAP, the speci®c parameters of the event must depend on the overall sequence context.
Roadblocking of the elongation complex by sitespeci®c DNA-binding proteins has been considered as one of the most convincing demonstrations of the ability of RNAP to contract during elongation (Pavco & Steege, 1990; Reines & Mote, 1993; Nudler et al., 1995) . In these experiments the collision between the elongation complex and the roadblock led to apparent shortening of the distance between the catalytic center of RNAP and the rear edge of the roadblock. However, these results can be interpreted without invoking the internal plasticity of RNAP if the roadblocked complex underwent reversible backtracking. Fe 2 -mediated transcript cleavage experiments should clarify the situation in this case.
The backtracking phenomenon can play at least two important biological roles in that it may provide a basis for the mechanism of transcription ®delity and for control of the rate of transcription. Mismatches in the RNA-DNA hybrid should result in hybrid destabilization, and lead to RNAP backtracking, cleavage, and removal of the 3 H RNA portion that contained misincorporated ribonucleotide (Figure 3) . Indeed, GreA transcript cleavage factor and its eukaryotic analogue SII have been shown to substantially enhance proofreading activity of RNAP in vitro (Erie et al., 1993; Jeon & Agarwal, 1996; Thomas et al., 1998) .
Reversible backtracking, apparently re¯ecting the equilibrium between the stability of the RNA-DNA hybrid and DNA duplexes surrounding the transcription bubble, is a likely cause of transient pauses that occur at numerous sites during elongation. A decrease in the elongation rate of eukaryotic RNAP III (Matsuzaki et al., 1994) and E. coli RNAP (E.N., unpublished results) by the hybrid destabilizing inosine is consistent with this notion. Situations where strongly paused complexes underwent backtracking due to interaction with sigma subunit (Ko et al., 1998) or RNA hairpin (Palangat et al., 1998) have recently been described. Factors that accelerate elongation, such as NusG (Burova et al., 1995) , N (Mason et al., 1992) , Q , or eucaryotic TFIIF (Bengal et al., 1991) , ELL (Shilatifard et al., 1996) , and elongin (Aso et al., 1995) may thus act by suppressing backtracking.
From the structural point of view, backtracking of the elongation complex can be readily explained in terms of the double clamp model described above. A topological``trap'' of RNA in the integrated RNA and DNA binding sites, rather than a strong and speci®c protein-nucleic acid interactions, can account for smooth back-and-forth sliding of RNAP during elongation or backtracking. Such a topological linkage assures lateral mobility of RNAP with no compromise in the overall complex stability.
Implications for the mechanism of elongation complex formation
The double clamp model could provide a clue to the mechanism of stable complex formation during the transition from initiation to elongation (promoter clearance). Early evidence indicated that sets of interactions that hold components together in the promoter initiation complex are different from those in the elongation complex. In the initiation complex the polymerase behaves as a site-speci®c DNA-binding protein that is anchored to the promoter site through relatively weak ionic interactions (reviewed by Record et al., 1996) . Also, promoterbound RNAP contains the sigma subunit and protects almost twice as much DNA as it does in the elongation complex (Carpousis & Gralla, 1985; Straney & Crothers, 1987; Krummel & Chamberlin, 1989; Metzger et al., 1989) . Initiation complexes can be selectively destabilized by an RNAP mutation which has no effect on the elongation complex (Martin et al., 1992) , thus demonstrating genetic dissection of two sets of interactions. Therefore, during promoter clearance RNAP must undergo a fundamental change in the nature of interactions that hold the complex together.
A process that is obligatory to promoter clearance is the so-called abortive initiation. This is a cyclic catalytic reaction that generates a nested set of released RNA oligomers up to 12 nt in length (reviewed by Record et al., 1996) . Usually just a few per cent of the initiated transcripts become productive during this process. The abortive initiation phenomenon may re¯ect multiple``attempts'' of RNAP to direct the 5 H terminus of the nascent transcript to the proper binding site, i.e. the RNA binding site. In the elongation complex the gap between the catalytic site and the RNA binding site is occupied by an about eight base-pair hybrid. Thus, to ®ll this gap during initiation, RNAP has to go through cycles of abortive intermediates which carry short RNA oligomers barely bound to the DNA template strand and perhaps protein.
The alternative pathway that converts the initiation complex into a stable ternary complex, involves the so-called transcript slippage reaction. It involves upstream shifting of a short (four to seven nucleotides) initial transcript so that most of it appears upstream of the 1 transcription start site. Slippage has been shown to ef®ciently occur at different promoters under conditions when one or more NTP were limiting (Borukhov et al., 1993; Severinov & Goldfarb, 1994) . The``slipped'' complexes were as stable as normal elongation complexes, but still contained the sigma subunit. Probably the most striking example of slippagemediated complex stabilization has been observed on the bacteriophage lambda PL promoter, where a tetrameric transcript which has slipped backward by three nucleotides renders the complex salt resistant (Severinov & Goldfarb, 1994) . In this case, the slipped transcript in its new position was not complementary to the corresponding DNA stretch, except for the 3 H terminal dinucleotide, thus excluding any role of the hybrid in stability of this complex. It remains to be determined whether stabilization of the slipped complex was a result of entering the RNA binding site by the transcript.
What causes the 5 H end of the growing transcript that has reached a length of eight to ten nucleotides to become separated from the DNA and subsequently be directed to the RNA binding site? This important question remains to be answered. Several observations have described the situation when a transcript remains permanently hybridized to the DNA template strand throughout elongation. In most such cases, initiation of transcription occurred with core RNAP on an arti®cial bubble or 3 H -extended DNA templates (Kadesch & Chamberlin, 1982; Daube & von Hippel, 1994) , arguing that the RNA displacement requires a proper promoter-speci®c initiation where the integrity of the DNA duplex around the transcription start site and the sigma subunit are signi®cant.
It is important to note that ternary complexes formed by E. coli RNAP on arti®cial bubble templates in which the RNA is permanently hybridized to the DNA template strand appears to be unstable under high salt conditions. This is in contrast to``normal'' elongation complexes when displaced RNA of the same length is stabily bound to RNAP under the same high salt conditions (Veselkov & E.N., unpublished results). This observation supports the earlier results of Tomizawa & Masukata, (1987) who found that at the replication origin under conditions of persistent hybrid E. coli RNAP had higher probability to dissociate from DNA. In addition to what was mentioned above, this result indicates that the presence of the RNA in the RNA binding site, rather than in the hybrid, renders the elongation complex fully stable.
According to the double clamp model, once the RNA 5
H terminus enters the RNA binding site it stabilizes the complex by locking the DNA binding site. This event coincides with a release of the sigma subunit, which is shown to occur after synthesis of RNA of eight to ten nucleotides in length (Record et al., 1996 , and references therein). The relationship between sigma dissociation and stable complex formation is not well understood. The release of the sigma subunit could be a result of a conformational change in RNAP induced by entering of the RNA into the RNA binding site. Alternatively, by competing for the same binding site, the growing RNA could induce sigma release, which in turn could lead to the conformational change in RNAP. The latter scenario is supported by experimental data. Competition between RNA and the sigma subunit for core binding in binary complexes has been observed (Busby et al., 1981; Altmann et al., 1994) . Furthermore, the evolutionary conserved NH 2 -terminal region of the b H -subunit (Met298-Met330) that contacts RNA at the entry to the RNA binding site (Nudler et al., 1998) is likely to interact with the sigma subunit in the holoenzyme (Owens et al., 1998) . Finally, a comparison of the low-resolution structure of E. coli core RNAP with that of the holoenzyme revealed profound differences attributed not to the presence of RNA, but to the presence of sigma subunit alone (Polyakov et al., 1995) . The major difference between the two structures was the clamp-like channel whose size accommodated a doublestranded DNA. The elongation competent core reveals a completely closed clamp, while in the case of the initiatory holoenzyme the clamp was opened. Closing of the clamp around DNA may be one of the major conformational transitions at the time of promoter clearance leading to complex stabilization. If this assumption is true, then thē exible clamp visible on the structure and biochemically characterized the DNA binding site could represent the same element of RNAP.
Implications for the mechanism of intrinsic termination
Despite the fact that the elongation complex is an exceptionally stable structure, it dissociates in a matter of seconds when it encounters termination signals. The``canonical'' bacterial intrinsic (factorindependent) termination signal in DNA is composed of a G C-rich dyad symmetry element followed by an oligo(T) sequence, so that in RNA it appears as a stable RNA hairpin followed by a run of seven to nine U residues (``U-stretch''; Brendel et al., 1986) .
Two alternative models have attempted to explain the mechanism of intrinsic termination (reviewed by Richardson & Greenblatt, 1996; Platt, 1998 ). The ®rst model, which originated from the kinetic view of elongation, suggested that RNA hairpin formation causes RNAP to pause at the termination site and thus would increase the probability of termination (Yager & von Hippel, 1987; von Hippel & Yager, 1992 , and references therein). Release of the RNA is then postulated to occur spontaneously due to the disruption of a part of the hybrid by the hairpin, while the instability of the A U-rich 3 H terminal portion of the hybrid ultimately leads to displacement of RNA and reformation of the DNA duplex in this region (Farnham & Platt, 1980; Martin & Tinoco, 1980; von Hippel & Yager, 1992) .
The second model suggested the role of the hairpin in removing RNA from one of two postulated RNA binding sites. The second RNA binding site is then presumed to reject the rest of the transcript due to a conformational transition in RNAP that occurred during an``inchworming'' cycle at the terminator residue (Chamberlin, 1995; Nudler et al., 1995; Wang et al., 1995) . The oligo(T) sequence has been shown to act as a signal for the discontinuous movement of RNAP (Nudler et al., 1995) . The forward leap of RNAP's front edge coincided with the termination event, suggesting that straining and relaxation of the RNAP molecule were steps in the termination mechanism.
Neither model appears to be entirely correct. Since the hybrid is actually shorter then 12 bp and does not play the major role in the complex stability, its weakness could not be a primary cause of rapid complex dissociation. On the other hand, reversible backtracking of RNAP induced by oligo(T) was misinterpreted as apparent``compression'' of RNAP at this site (Komissarova & Kashlev, 1997b; Nudler et al., 1997) . Despite some of the erroneous assumptions proposed on the basis of the previous termination models, each still embodies important rational points.
In the light of the double clamp model of the elongation complex, new mechanisms of intrinsic termination that still utilize elements of the previous models could be proposed. The mechanism should ®nally lead to disruption of protein-nucleic acid interactions in all three nucleic acid binding sites. The dimensions of the terminator are designed so that at the moment of termination, seven to nine U bases occupy the hybrid in the hybrid binding site, while the hairpin occupies the RNA binding site. If it is accepted that the RNA binding site is single-strand-speci®c then the hairpin would either detach RNA from the site or change its proper con®guration. As previously mentioned, the formation of the hairpin seven to nine nucleotides away from the RNA 3 H terminus destabilizes the complex and leads to dissociation of both RNA and DNA under high salt conditions (Arndt & Chamberlin, 1990) . Salt sensitivity of such complexes suggests that non-ionic interactions in the RNA binding site, as well as in the DNA binding site, are disrupted. Bearing in mind the structure-function integration of both sites, it would be reasonable to propose that the hairpin affects interactions in the RNA binding site and simultaneously disrupts interactions in the DNA binding site. The remaining ionic interactions in the hybrid binding site could be disrupted in several ways. Due to the presence of the weak A ÁU hybrid, formation of the hairpin could actually pull the RNA 3 H terminus out from the hybrid region and the RNAP catalytic site and essentially translocate it towards an upstream position. Alternatively, the hairpin could sterically intervene with the upstream portion of the hybrid and thus weaken interactions in the hybrid binding site. The recent experimental data (Gusarov & Nudler, 1999) favor the latter possibility and suggest the model of termination shown in Figure 4 . In this model the elongation complex ®rst pauses at the end of the U-stretch, then it becomes irreversibly inactivated (trapped), and ®nally it falls apart. The transient pause depends on the downstream portion of the oligo(U) stretch, not the hairpin, and is crucial in that it provides additional time for hairpin formation. The trapped intermediate is the result of hairpin formation, which in turn depends on melting of the upstream portion of the U-stretch. The extremely unstable trapped complex could be obtained in very low salt conditions. Analysis of its protein-RNA and RNA-DNA interactions indicates that the major sites (b H (Met29-Cys58) and b (Met1342-Met1373)) that contacted the transcript in the active and stable complex (Figure 2(c) ), become separated from the RNA in the RNA binding site, and four to ®ve base-pairs of the RNA-DNA hybrid become unwound in the hybrid binding site. Since b H residues Met29-Cys58 or b (Met1243-Met1304) are also involved in the DNA binding site (Figure 2(c) ) and rates of RNA and DNA release from trapped complex are virtually identical (E.N., unpublished observation), one can propose that the hairpin also affects interactions in the DNA binding site. Opening of the putative DNA clamp (Polyakov et al., 1995) could represent the relevant conformational transition.
Concluding remarks
In the absence of high-resolution structural information, sophisticated biochemical approaches have propelled the ®eld to a new level of understanding with regard to the mechanism of the transcription elongation process. Rapid accumulation of experimental results in the last few years has forced the transcription research community to continuously revise previous models for elongation mechanisms. The formulation of new structure-function models of the elongation complex, as discussed in this review, could help to further unravel the complex mechanisms that regulate transcription elongation in both prokaryotic and eukaryotic systems, in addition to providing a guideline for further structural analysis of RNAP. New models satisfy most of the experimental data and apparently reconcile previous contradictions.
At present, many mysterious aspects of RNAP functioning remain. For example, interesting topological problems are posed by the ability of the elongation complex to withstand the overtaking replication machinery (Liu et al., 1993) and to overcome potential roadblocks such as nucleosomes (Studitsky et al., 1997; Orphanides et al., 1998) or certain site-speci®c DNA-binding proteins (Wolffe et al., 1986; Kuhn et al., 1990; Bardeleben et al., 1994) . These observations suggest that the hybrid and DNA binding site (putative DNA clamp) arē exible to a certain extent. The possible rotation of an advancing RNAP about the DNA is yet another topological puzzle. If RNAP rotates, which is a prediction of the double clamp model, then at a normal elongation rate approximately four to six turns per second creates a potential problem of entanglement between the nascent RNA and DNA (reviewed by Cook et al., 1994) . The current models of elongation do not explain how this problem can be obviated in a cell.
Finally, since transcription elongation is a fast kinetic process, some important aspects of its mechanisms could be missed as a result of studying static, stalled complexes. At least one clear example when properties of stalled and moving complexes are distinguishable is provided by the bacteriophage T4 termination factor Alc (Kashlev et al., 1993b) . The Alc protein has been shown to act only on fast moving RNAP, and the slowing of elongation due to low substrate concentration or mutation in the RNAP b subunit abolishes Alcdependent termination. Figure 4 . The mechanism of intrinsic termination (Gusarov & Nudler, 1999) . (a) A stable elongation complex paused at the end of the U-stretch of tR2 terminator. (b) Conversion of the paused complex into the unstable trapped con®guration. Formation of the hairpin leads to complex inactivation (illustrated by the cross over the catalytic site), disruption of four to ®ve base-pairs of AÁ U hybrid in the hybrid binding site (HBS), closing of the DNA bubble from behind, displacement of RNA from the RNA binding site (RBS), and presumably, conformational change in the DNA binding site (DBS) triggering DNA release. (Copyright is held by Cell Press.)
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